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Abstract

A clear understanding of the monetary value that customers place on reliability and the factors
that give rise to higher and lower values is an essential tool in determining investment in the grid.
The recent National Transmission Grid Study recognizes the need for this information as one of
growing importance for both public and private decision makers. In response, the U.S.
Department of Energy has undertaken this study, as a first step toward addressing the current
absence of consistent data needed to support better estimates of the economic value of electricity
reliability. Twenty-four studies, conducted by eight electric utilities between 1989 and 2002
representing residential and commercial/industrial (small, medium and large) customer groups,
were chosen for analysis. The studies cover virtually all of the Southeast, most of the western
United States, including California, rural Washington and Oregon, and the Midwest south and
east of Chicago. All variables were standardized to a consistent metric and dollar amounts were
adjusted to the 2002 CPI. The data were then incorporated into a meta-database in which each
outage scenario (e.g., the loss of electric service for one hour on a weekday summer afternoon) is
treated as an independent case or record both to permit comparisons between outage
characteristics and to increase the statistical power of analysis results.

Unadjusted average outage costs and Tobit models that estimate customer damage functions are
presented. The customer damage functions express customer outage costs for a given outage
scenario and customer class as a function of location, time of day, consumption, and business
type. One can use the damage functions to calculate outage costs for specific customer types.
For example, using the customer damage functions, the cost experienced by an “average”
customer resulting from a 1 hour summer afternoon outage is estimated to be approximately $3
for a residential customer, $1,200 for small-medium commercial and industrial customer, and
$82,000 for large commercial and industrial customer. Future work to improve the quality and
coverage of information on the value of electricity reliability to customers is described.
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Executive Summary

Ensuring reliability has and will continue to be a priority for electricity industry restructuring.
Indeed, the recent blackout in the Northeast highlights the significant public and private interest
in electricity reliability. A key aspect of having electricity available on-demand, whether it is to
individual households or large industrial complexes, is the fact that outages — brief or extended —
interrupt essential as well as discretionary use of appliances, motors, electronics and other
devices for which electricity is the primary, if not the only, source of energy.

Ensuring reliability, however, is a complex and multi-faceted problem that necessarily involves
actions taken by both public and private decision makers. Strategies to provide reliable service
are numerous, and some carry hefty price tags. Overbuilding the entire electricity delivery
system to reach a standard of reliability that costs more than consumers are willing to pay or
under-building the system that leads to more outages than customers are willing to bear are both
sub-optimal strategies. It is, therefore, important to understand what reliability costs consumers
as well as how much they are willing to pay for reliability, so that appropriate public and private
investments and operating decisions can be undertaken.

Over the last 20 years, there have been numerous efforts to quantify the value of reliability as a
basis for both public policy and private investment and operating decisions. These efforts,
undertaken primarily by electric utilities seeking to better understand the value of electric service
(VOS) by conducting customer interruption or outage cost studies, are expensive. Consequently,
only a few studies have been conducted and, individually, they are of limited usefulness for
understanding the value of reliability for consumers in other regions or under different outage
scenarios. The solution taken by this study is to combine findings from available outage studies
into a meta-dataset and extract findings that increase the availability and applicability of findings
beyond the scope of the original studies. Merging findings from individual studies and
extrapolating to develop new finding in this manner is facilitated by the fact that the data were
originally collected using a common methodology, which is documented in Sullivan and Keane’s
(1995) Outage Cost Estimation.

Methodology

The process to acquire, standardize, and merge the various datasets was straightforward. Ten of
the twelve companies that had conducted VOS studies during the past two decades were
contacted. Eight agreed to participate. Data files, questionnaires and codebooks were obtained;
the data were then standardized and merged together. Dollar values were standardized by
adjusting them to 2002 dollars using the Consumer Price Index. Altogether, 24 independent
datasets were merged into three meta-datasets: one each for data collected from large
commercial and industrial (C&I), small-medium C&aI, and residential customers. These studies
comprised 13 years of experience, using a variety of outage scenarios, and covering large
portions of the United States (but not including the Northeast or much of the north-central
Midwest). Each dataset included the key dependent variables of outage cost per event for the
C&lI customers, and willingness to pay measures per event for the residential data. Other
explanatory factors, such as SIC code, firm size, and type of housing, were also included.
Statistical power was enhanced by organizing the data such that each scenario in a survey was
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treated as a single record: If, for example, one respondent provided input about 3 different
outage cost scenarios, the final data set included 3 records for this respondent instead of one.

Results

Results were developed in two basic formats: (1) summary (bivariate analysis) tables for
various scenario factors and customer characteristics for an outage of one hour, and (2) customer
damage functions using multiple regression (Tobit) models for estimating outage costs while
controlling for all factors simultaneously. The Tobit models predict that the average cost
experienced by an “average” customer for a single summer afternoon outage of one hour is
approximately $3 for residential, $1,200 for small-medium commercial and industrial, and
$82,000 for large commercial and industrial. The outage costs increase substantially, but not
linearly, as the outage duration increases from one to eight hours. Outage costs are generally
higher in the winter than in the summer for an outage of a given duration or time of day. The
Tobit models also reveal important differences in outage costs across regions, time of day,
customer size, and business type.

Use of the data is subject to important caveats. The most important of these is collinearity,
which means that the findings are inextricably linked to aspects of the original studies from
which they were derived and that, therefore, the extrapolations cannot be fully supported on
statistical grounds. In addition, as noted earlier, data on the Northeast and some areas of the
Midwest were not available for inclusion in this initial study. Finally, the original studies were
not identical in every respect; all variables were not collected consistently by each study.

Conclusions and Recommendations

The principal contribution of this project has been the development of statistical models that can
be used to estimate outage costs for large C&I, small-medium C&aI, and residential customers.
These models can be applied to estimate outage costs for representative customers in different
geographic regions for a variety of outage scenarios. Utility planners, for example, can use the
results to estimate outage costs for particular customer classes (or mixes of customer in different
classes) representative of their service territory’s customer base. They can, thereby, improve
generation, transmission and distribution planning processes compared to processes that do not
consider the economic value of reliability to consumers.

This study is an initial effort to improve the public availability of information on the economic
value of reliability. More work is needed to improve the quality and coverage of this critically
important information. In particular, to address some of the limitations in the current data, we
recommend the following:

1. Encourage all U.S. utilities that have conducted surveys on the economic costs of outages to
their customers to contribute these data and thereby enhance the coverage and usefulness of
these data on a national scale

2. Support future utility efforts to collect additional information on the value of electricity
reliability toward ensuring that ultimately these data also contribute to improving the
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availability of this type of information on a national basis (e.g., use consistent methodology
for survey design and sampling).

3. Where necessary, in order to address existing gaps in available data, lead efforts to conduct
additional surveys on topics of high priority (e.g., collect new data in areas of the country or
on other reliability issues not currently well-represented in existing data collection efforts or
on other reliability topics.

viii






1. Introduction

Ensuring reliability has and will continue to be a priority for electricity industry restructuring.
Reliable electric power delivered on demand is a cornerstone of electricity’s ubiquitous adoption
and use. A central feature in electricity’s value to consumers, whether they are individual
households or large industrial complexes, is the infrequent occurrence of outages or other power
disturbances that interrupt the use of appliances, motors, electronics, or any of the other myriad
of end uses for which electricity is the primary energy source.

While no one disagrees that customers seek reliable power, ensuring reliability is a complex and
multi-faceted problem. The strategies available to meet that goal are numerous and the price tags
associated with them vary greatly. Most important of all, reliability has always been a shared
responsibility because it is a public good. Therefore, who pays and who benefits from increased
reliability has always been an important question for both private and public decision makers.
The recent August 14 blackout in the Northeast - the largest blackout in U.S. history - has
punctuated the importance of and at the same time difficulty in determining the best strategy or
combination of strategies.

Underlying any strategy is assumptions about the value end-use customers place on reliability.
During times of crisis caused by either short-term events like the recent massive outage in the
Northeast or the rolling blackouts in California in 2001, a common (yet, we believe
inappropriate) assumption is that customers will pay almost any price for reliable power. In
contrast, during periods of reliable power delivery but accompanied by rising rates or rising
taxes, there are frequent charges that the system is being overbuilt and designed to a higher
standard of reliability than customers are willing to pay.

A general framework for addressing this planning problem has been the application of value-
based planning (Vojdani, et al., 1995; Dalton, et al., 1995). Value-based planning is designed to
match the level of investment in reliability with the economic value of the improvement in
reliability. The use of value-based planning requires a method for estimating customers’ value
of service reliability. Historically, generation, transmission, and distribution systems
investments have been planned using arbitrarily defined engineering criteria. With value-based
planning, it is assumed that customer preferences for service reliability can be measured and that
these preferences can be used to establish economically justified reliability targets for generation,
transmission, and distribution investments.

In the application of value-based planning, the value of service reliability to customers has been
conceptualized as equal to the economic losses that customers would experience if a given
outage occurred. The economic losses experienced by customers as a result of reliability or
power quality problems can be described by a Customer Damage Function (CDF)*. The general
form of a CDF is:

Loss = f{outage attributes, customer characteristics, geographical attributes}.

! For a discussion of the application of such functions to electric power supply reliability planning see “Prediction of
Customer Load Point Service Reliability Worth Estimates in an Electric Power System,” L.Goel and R. Billinton,
1994, |IEEE Proc.-Generation, Transmission, Distribution, Vol.141, No. 4, July 1994.



The dependent variable of economic loss is expressed as a loss in dollars per event, per kwh of
un-served energy, per kWh of annual energy consumption or per kW of annual peak demand.
The equation predicts the economic loss from factors that influence outage costs. The outage
attributes might include duration, season, time of day, advance notice and day of the week. The
customer characteristics could include annual kWh usage, kW demand, type of business, type of
household, presence of various outage sensitive equipment, presence of backup equipment, and
other firmographic or demographic characteristics. Finally geographical attributes might include
temperature, humidity, frequency of storms and other geographical conditions affecting
economic losses from outages.

Customer damage functions are useful for reliability planning in several ways. First, the
customer damage function provides a framework for conceptualizing and estimating the factors
that influence customers’ outage costs for particular types of outages. Second, the use of a
customer damage function allows for analysis of the isolated effects of different attributes of
outages such as duration or time of day. Third, it can be used to quantify the economic losses
from different electricity system reliability investments by multiplying appropriately defined
customer damage functions by the un-served energy expected under different system investment
options. These calculations then become the basis for comparing different reliability solutions
and evaluating whether the economic benefits to customers are justified by the costs of the
investment options.

The use of customer damage functions and value of service reliability estimates applies to many
investment decisions facing utility planners, regulators, and policy makers. To compare
alternatives in a planning framework, the calculations may focus on the economic costs or
benefits of changes in un-served energy, the frequency of key events (like momentary outages or
voltage s%gs), or other aspects of the economic value of reliability. A few examples serve to
illustrate:

e Generation planning: As utilities add capacity, the probability of a generation capacity
shortfall declines and the cost of un-served energy at the time of peak demand declines.
Reducing the amount and hence cost of un-served energy is valuable to customers, the
question is whether these benefits outweigh the costs of obtaining them. By analyzing how
the benefits from reducing un-served energy are distributed across customer classes and by
knowing the economic value of that un-served energy has for different customers, planners
can determine whether costs to improve system generation reliability are balanced with the
value of the improvement to customers.

e Transmission planning: Transmission planners analyze the reliability of transmission lines to
assure sufficient capacity exists to serve customers under different failure contingencies.
With value-based planning, the failure scenarios can be examined based on the number and
frequency of voltage sags or power quality events they create and the costs to reinforce the
system to reduce these power quality problems. By comparing these costs to the economic
value to customers of the reduction in power quality problems, decisions can be made as to
whether system reinforcement creates sufficient net benefits to justify these added costs. The

? Detailed examples of the use of outage costs in various generation, transmission, and distribution planning
situations are provided in “Outage Cost Estimation Guidebook”, M. Sullivan and D. Keane, TR-106082, Electric
Power Research Institute, Palo Alto, CA: December , 1995.



customer damage function combined with the estimates of the frequency with which certain
events might occur serve as the basis for calculating the economic value of various options.

e Distribution planning: Customers on a distribution circuit can be served with different circuit
configurations (e.g., radial, loop, networked). Each configuration varies in its cost to
implement and each has different implications for the expected frequency and duration of
outages to customers served by these circuits. Planners can compare options by calculating
the expected un-served energy from various circuit designs and by examining the types of
customers currently on the circuit and forecasted to locate near the circuit through time.

They can also compare designs on the likelihood of various power quality problems. Using a
customer damage function, the economic value of the reliability improvements can be
calculated for specific groupings of customer types and for the specific reliability
problems/improvements anticipated for a given circuit. This economic value can be
compared to the cost of various options to balance the investment cost with the anticipated
benefits.

Value-based planning concepts have been around for 20 or more years. Over this period,, there
have been numerous studies to quantify the value of reliability as a basis for both public policy
and private investment, and for operating decisions regarding generation, transmission,
distribution, and retail offerings. Efforts have been made to measure outage costs or value of
service using a range of methods and techniques. Despite these efforts, Eto, et al. (2001) note
that:

1. There are few estimates of the aggregate cost of unreliable power to the U.S. economy, and
the estimates that are available are poorly documented or based on questionable
assumptions.

2. Costs of large-scale outage events (e.g., State- or region-wide power outages) are not well
documented and are mostly based on natural disasters for which it is difficult to separate
costs of electric interruptions from damages caused by other disaster features (e.g., property
damage from wind or water).

3. Studies of hypothetical outages obtained from outage cost surveys could be used to prepare
aggregate estimates of outage costs. However, there can be important differences in the
survey and statistical methodologies used in the studies that must be addressed in any meta-
analysis relying upon them.

4. Very little information is available in the public domain regarding the costs of power quality
problems — an increasingly important aspect of service reliability.

This report begins to address this information gap by conducting a meta-analysis of a large
number of the large-scale studies conducted by major electric utilities over the past 15 years to
assess the value of electric service to their customers. In all, 24 studies were included in this
analysis. These studies represent the efforts of 8 electric utilities to measure the value of service
reliability or outage cost in the residential, commercial, and industrial sectors.



These studies were chosen because they employed a common survey methodology including
sample designs, measurement protocols, survey instruments and operating procedures. This
methodology is described in detail in EPRI’s Outage Cost Estimation Guidebook (Sullivan and
Keane, 1995). A brief discussion of this methodology can be found in Appendix B. The goal of
this project was to assess the feasibility of combining the actual survey data from these
independently conducted studies into a single database by assembling andstandardizing them
into a national database of customer interruption costs. The database is used to describe
variations in interruption costs, including differences in interruption costs by outage duration and
time of day/season, as well as by customer type, characteristics, and regional (geographic)
differences.

The 24 studies chosen for analysis include virtually all the Southeast, most of the western U.S.
(including almost all of California, rural Washington and Oregon, and the largest metropolitan
areas in Arizona and Washington), and the Midwest south and west of Chicago. The time frame
covered by the studies ranges from 1989 to 2002. Several studies examined interruption costs
for similar customer populations (e.g., residential customers) at roughly the same time using
nearly identical measurement protocols, but were conducted by utilities located in different parts
of the country. In almost all of the studies, detailed demographic and firmographic information
was collected from study respondents and incorporated into the database of results.

While each individual study was extensively analyzed by the utility that conducted the study for
their own use, until now there have been no efforts to combine the data from the studies into a
single database. The value of combining the data and developing a set of meta-models is the
prospect of extending the results of the individual studies in several ways::

1. Individual utilities typically represent only one region of the country, whereas a combined
dataset may provide an opportunity to evaluate value of service across regions that will
include differences in temperature, humidity, energy rates, and regional economic conditions.

2. Customers are heterogeneous, particularly in the commercial and industrial sectors.
Combining the data provides additional cases to examine value of service for important sub-
segments.

3. Most of the studies examined here use a survey method in which customers responded to
various outage scenarios. By combining the data across studies, a broader range of scenarios
can be used to estimate the impacts of time of day, duration, season, and certain special
conditions, such as receipt of advance notice.

4. The studies were conducted over a 15-year period so some comparisons across time may be
possible.

Combining the data has several positive features, but there are also limitations with which to
contend. First, because the studies were conducted for specific utilities at specific points in time
some variables of interest are “collinear” with each other. For example, if there is only one study
from a utility in a particular region conducted at a particular time, then it is hard to separate the
effects of their unique climate and rates, and their customers’ outage experiences. This requires



caution in interpreting various effects because the data may not be ideally suited to provide
independent estimates of the effect of each variable.

Second, the studies chosen for this combined dataset used similar methods for collecting the data
but they did not necessarily use identical methods. As a result, it is important to consider that
some effects identified in the data may be the result of “methods” effects rather than substantive
effects of different variables.

This report is organized in 5 sections following this introduction. Section 2 describes the
methods used to create the combined dataset and provides a description of the data. Sections 3,
4, and 5 present findings, including customer damage functions, for the analyses conducted of
the large commercial-industrial, small-medium commercial, and residential sectors, respectively.
Section 6 summarizes our findings and discusses areas in need of additional research. Four
appendices follow. The first appendix provides a more detailed discussion of the data
transformation procedures used to assemble the databases. The second appendix reviews the
value of service methodology. The third appendix reviews issues in customer outage cost survey
design. The fourth appendix provides additional background on the present study and on the use
of findings from this study.






2. Development of An Integrated Data Base
2.1 Overview

The major objective of this project was to identify, gather, and combine the data from prior
utility value of service or outage cost studies into separate databases of findings for three distinct
customer groups: residential, small-medium commercial and industrial (C&l), and large C&lI.

As part of the initial review of past studies, 12 utilities were identified that had measured
customer outage costs using survey-based methods for one or more of these three customers
groups. Altogether, 24 datasets from 8 companies were ultimately acquired, standardized, and
then merged. Each dataset presented certain issues (see Appendix A), but it was possible in most
cases to develop rules for converting the data into meaningful datasets based on common
guestions or common metrics.

The following steps were taken in creating the databases:

1. Contact the utilities that had conducted customer interruption cost (or Value of Service or
outage cost) studies;

2. Negotiate agreement(s) to participate in the study, including agreements not to disclose

customer-specific information or present information that could be attributed to an individual

firm;

Obtain the datasets, codebooks, and original survey questionnaires;

Standardize each dataset in terms of variable selection and construct;

Merge the datasets;

Normalizeoutage costs to a common base year, using the 2002 Consumer Price Index; and,

Review the data and exclude outliers and other data anomalies.

Nookow

The core elements of this process are described in this chapter. Additional details are provided
in Appendix A.

First, all variables were standardized using a common metrics. For example, some studies may
have described the outage duration in hours (e.g., a 1 hour outage) while others may have used
minutes (e.g., a 30 or 60 minute outage). In this instance, the results for both studies would be
converted to minutes. Although the survey instruments for the various studies may have used
slightly different wordings, each study measured the same basic underlying concepts. These
included:

1. Attributes of the Outage (e.g., duration, frequency, season, time of day)
2. Summary of Costs (e.g., labor costs, material costs, damage costs)
3. Customer Characteristics (e.g., company size, household income)

In most cases, it was possible to find a common, underlying metric and convert all the responses
to that metric. While differences existed, in only one case were these differences so
insurmountable that data could not be merged, and were excluded from the meta-dataset.



Second, all of the scenarios were hypothetical. This is both a strength and weakness of this body
of studies. The goal in presenting customers with hypothetical outage scenarios is that they can
respond to the same stimulus or a carefully controlled description of a series of outages. This
simplifies associating costs and customer characteristics with attributes of outages like duration
and time of day. However, because these are hypothetical, customers do not provide actual costs
for actual events. They are asked to carefully estimate their costs for the hypothetical situations,
regardless of previous outage experiences. We cannot determine, prime facie, the biases inherent
in such self-reports of cost estimates associated with hypothetical outage scenarios.

Third, the outage scenarios varied in several ways, including duration of the outages, time of day
when outage began and season during which outage occurred. However, many tended to focus
on outages associated with system peak conditions. For example, studies conducted in northern
climates were focused primarily on winter outages, while those in southern climates were
focused primarily on summer outages. Some studies measured interruption costs for momentary
outages, while others did not. Some studies measured costs for long outages (i.e., 8-12 hours),
while the maximum outage duration was limited to 4 hours in others. The most commonly used
outage scenarios involved outages of one- and four-hour durations occurring on summer
afternoons. Most of the studies included a common 1-hour outage occurring at time of system
peak for all observations.

Fourth, the studies were conducted over a 15-year period. The results from each study are
appropriate for the time period during which the data were originally collected. To compare the
results across time it was necessary to take account of inflation and changes in the cost of living.
Accordingly, all of the cost data have been adjusted to 2002 dollars using the Consumer Price
Index.

Fifth, statistical power of the results was enhanced by organizing the data so that the responses
for each scenario in a survey were treated as independent observations or records. The strategy
used to collect outage cost data in most of these studies involved presenting customers with a
series of hypothetical outages and asking them to describe their costs (or to respond to a
willingness to pay to avoid their costs) to each one. Each respondent normally provide cost
estimates for more than one scenario (in some cases, up to 8 scenarios). Each response to each
scenario was treated as an independent response. For example, if one respondent provided
separate cost estimates for each of 3 scenarios, then these results were converted into three
separate records. The common variables, e.g., firmographic information such as SIC code, were
appended to each record.

Three meta-datasets were created for three customer groups: residential, small-medium C&I (1
MW or less) and large C&I (more than 1 MW). After combining all of the survey datasets with
comparable measurements, the two commercial and industrial datasets include the following
information on each observation:

1. Season;

2. Onset time of day;
3. Onset day of week;
4. OQutage duration;



Whether advanced warning was received,
Customer’s region;

Year interruption cost study was completed;
Estimated interruption cost;

9. Customer’s SIC code;

10. Customer’s business type;

11. Number of employees;

12. Whether company has back-up generation; and
13. Customer’s annual kwWh consumption.
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The residential customers’ survey included similar outage scenario information (items #1-7,
above) but also included:

Willingness to pay measure (WTP);

Willingness to accept credit (WTA or Credit);

Type of housing;

Home ownership;

Household income;

Whether household has sickbed resident;

Whether household uses medical equipment in the home; and
Whether household has a home business.
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The commercial and industrial, and the residential datasets are also differed from one another in
other important respects, as described in the following two sub-sections.

2.2 Commercial and Industrial Datasets

Development of commercial and industrial sector databases involved creating separate databases
for the large C&I and small-medium C&I data. . Each includes enterprises involved in all
aspects of commercial and industrial activity as well as government services. Although utilities
use slightly different criteria for defining small-medium versus large customer classes, we used a
common criteria to assign customers to either small-medium or large C&I. The small-medium
commercial and industrial customer was defined as a customer with less than 1 MW of peak
demand. The large C&I customer was defined as a customer with more than 1 MW of peak
demand.

For both commercial and industrial customers, all of the studies employed the same outage cost
estimation methodology — direct worth or direct cost estimation (see Appendix C). In the direct
worth estimation methodology, customers were asked to estimate the losses they would
experience under varying assumptions about the timing, duration and extent of electric outages.
In most cases, the estimation involved customers completing a worksheet for each scenario in
which they reported various types of costs and various types of savings. These costs and savings
were then summed to calculate a net cost of the outage. Customers were generally asked to
provide estimates for four to ten scenarios (i.e., combinations of onset time, duration, extent of
advance warning, season and day of the week). Thus, these studies produced a range of
estimated outage costs for each customer — one for each combination of interruption conditions



on which they were asked to report. It is not uncommon for some of the customers within a
given study to receive one randomly chosen set of outage conditions, while others receive a
somewhat different randomly chosen set.

For the two commercial and industrial datasets, the primary dependent variable is total cost of
the outage on a per event basis. In most cases, demand and usage information for each customer
was also available and, for reporting purposes, was used to express outage cost on a per peak KW
and per annual kWh basis. However, these expressions of costs were not calculated individually
for each record. Rather, they were calculated by dividing the average total cost per outage event
for all records with that scenario by the average kW or kWh for the customers who responded to
that scenario. This method is reasonable because there is often a good deal of measurement error
associated with the estimate of kwh and kW for the specific site for which the outage cost data is
being collected. Survey respondents are asked to assume the outage occurs at a defined location,
but because of multiple meters per site and multiple sites per firm (e.g., the corporate
headquarters versus the manufacturing facility) it is not always possible to collect usage and
demand data for the specific site being referred to in the survey. By dividing the aggregate per
event outage cost by the aggregate kWh or kW, the errors tend to be smoothed and there are
fewer issues with large outliers in the underlying data as a result of incorrect usage or demand
estimates for a site.

2.3 Residential Data

Unlike the commercial and industrial customers where much of the “costs” associated with an
outage can be converted into an economic loss based on lost profits or costs over savings, the
costs of outages to residential customers are of